Objectives: To compare the static and dynamic mechanical properties of a modified crossed cannulated screw (CS) configuration, the inverted triangle (IT) cannulated screw configuration, and a compression hip screw (CHS) with derotation screw in Pauwels type III femoral neck fractures.
INTRODUCTION
Femoral neck fractures are primarily seen in the geriatric population after low-energy falls. Fractures about the hip occur in 280,000 Americans annually, and are expected to increase to 500,000 annually over the next 40 years as the average age of the population increases. 1 However, there is a bimodal distribution of these fractures, with 2%-3% occurring in patients younger than 50 years after high-energy trauma. 2, 3 These fractures frequently have a more vertical orientation and are subject to high shear forces and construct failure after repair. Rates of nonunion in young patients are reported from 10% to 30%. [2] [3] [4] [5] [6] The treatment of choice for these fractures is anatomic reduction, preservation of the blood supply, and internal fixation.
Classification of femoral neck fractures is based on the verticality of the fracture orientation as originally described by Pauwels in 1935. Type I fractures are less than 30 degrees from the horizontal, type II fractures are 30-50 degrees from the horizontal, and type III fractures are greater than 50 degrees from the horizontal. 7 Vertical femoral neck fractures (Pauwels type III) (Orthopedic Trauma Association classification 31-B2.3) are often high-energy injuries occurring in young patients. 3, 8, 9 These challenging injuries experience high shear forces explaining the relatively high rates of nonunion and the potential for other clinical problems, including hardware cutout and the need for revision surgery. 7, 8 Most biomechanical studies support the use of fixed angle devices to maximize stability for Pauwels III fractures. [10] [11] [12] Despite this, in clinical practice, preferred treatment is split between fixed angle devices and cannulated screw configurations for Pauwels III fractures. 13 The inverted triangle (IT), with screws abutting the anterior, inferior, and posterior cortices, is the most commonly used configuration for Pauwels I and II fractures and thus far has been the most biomechanically stable screw arrangement analyzed for these fractures. [14] [15] [16] It is also often used for fixation of Pauwels III fractures despite a paucity of biomechanical data. 13 Although a configuration consisting of a horizontal screw orthogonal to the vertical fracture line has been proposed, little biomechanical data exist. 17 Nowotarski et al 17 showed that this construct, with an inferior off-axis screw, had greater axial stiffness than compression hip screw (CHS) constructs and IT constructs.
The horizontal cross cannulated screw (CS), similar to the 4.5 mm cortical transverse calcar screws used in a previous study (see Figure, Supplemental Digital Content 1, http://links.lww.com/BOT/A951 which demonstrates this previously tested construct), was modified for this experiment by using an additional cannulated screw superiorly (Fig. 1B) . This was done to theoretically engage the denser bone in the central and inferior regions of the femoral head, recently demonstrated on micro CT studies. 18 This positioning also has the added theoretical advantage of allowing for retrograde intramedullary nail placement in the case of ipsilateral femoral shaft fractures. Femoral neck fractures are associated with shaft fractures 1%-9% of the time, with 20%-50% of femoral neck fractures missed initially. 19 This screw arrangement also helps to avoid stress risers in the subtrochanteric region associated with the inferior screw in the IT configuration. 20, 21 Although there are many studies comparing fixation strategies for vertical femoral neck fractures, there is, in fact, little consensus among experts. A recent survey of 272 active Orthopedic Trauma Association members illustrates this point. Treating surgeons had very disparate responses when asked about their preferred method of treatment for vertical femoral neck fractures in young healthy patients: 47% selected sliding hip screws with or without a derotational screws, 28% selected cannulated screws with an off-axis screw, and 15% selected parallel cannulated screws. 13 The purpose of this study was to use a synthetic bone model to compare the static and dynamic biomechanical properties of 3 means of fixing vertical femoral neck fractures in healthy bone.
MATERIALS AND METHODS

Experimental Model
Thirty standard, left-sided fourth generation synthetic composite femora (model #3403 Sawbones; Pacific Labs, Vashon, WA) equally allocated among 3 groups. These femora have a size, shape, and consistency similar to the type of human bone seen in patients who typically sustain Pauwels III fractures, including dense cortices and thick subchondral bone. Anatomic reduction was facilitated by drilling holes, using fluoroscopy, for the planned fixation screw paths before creating the vertical osteotomies in all synthetic femora.
Vertical osteotomies to simulate Pauwels III femoral neck fractures were created using a circular saw. These osteotomies were initiated at the junction of the femoral head and neck superiorly and oriented parallel to a line down the femoral shaft (90 degrees from the horizontal) (Figs. 1A-C) . 10 
Fixation Methods
The first group was fixed in an IT configuration using 6.5 mm titanium cannulated screws with 16 mm threads (Asnis III; Stryker, Mahwah, NJ) (Fig. 1A) . The femurs had 3 screw paths predrilled with a 4.9 mm drill bit. These parallel paths abutted the inferior, posterior, and anterior cortices of the femoral neck. The second group was fixed with a modified CS configuration, again using 6.5 mm cannulated titanium screws with 16 mm threads (Asnis III; Stryker, Mahwah, NJ) (Fig. 1B) . Anterior and posterior screw paths were placed exactly as they were in the first group. The third path was created proximally on the lateral femoral cortex so as to cross the intended osteotomy at a 90 degrees angle, and engage the inferior femoral head and neck cancellous trabeculae. Screw paths were standardized using custom templates created for each group, and all paths were confirmed on fluoroscopy. Depths for all screws were approximately 5 mm from the articular surface to allow for screw placement into the material that simulates subchondral bone. All screws were compressed simultaneously in the IT group, whereas the CS was compressed first in the modified CS group, followed by the parallel anterior and posterior screws.
The third group was fixed with a 130 degree CHS and 2-hole side plate construct (CHS) (Omega3; Stryker, Mahwah, NJ) and 6.5 mm cannulated titanium derotation screw with a 16 mm thread length (Fig. 1C) . The CHS trajectory was standardized to a 130 degree angle as this provided the best fit to the saw bones allowing for a center-center tip apex ending point of a 90 mm compression screw. A 130 degree jig was used to position the guide wire in each femoral head; each femoral head was then drilled with a step drill to the subchondral area of the femoral head. A guide wire for the parallel derotation screw was then placed and predrilled. After instrumentation, all CHS screws were radiographically determined to have a tip apex distance between 10 and 15 mm. 22 Before mechanical testing, each CHS construct had a 32-mm compression screw placed and tightened to allow for compression of the fracture site. Femurs were prepared 2 at a time from each treatment group to prevent a learning curve bias.
Biomechanical Testing Cycles to Failure: Survival Testing
After fixation, all femora were osteotomized at the distal diaphysis and potted in a 2-part polyurethane compound (Smooth-On, Easton, PA), with the femur oriented co-axially within polyvinyl chloride tubes of 2-inch diameter for mechanical testing. The bone model was placed in a custom fixture that allowed for load orientation in 20 degrees of adduction to simulate single leg stance (See Figure, Supplemental Digital Content 2, http://links.lww.com/BOT/A952 for a visual representation of the testing apparatus). 11 The loading program consisted of several parts. Initially, each femur was incrementally loaded up to 1400 N at a rate of 50 N per second with a cycling rate of 3 Hz (1400 N meant to simulate the force of single leg stance for a 70 kg person). 10, 23 Next, specimens that survived the incremental loading were loaded at 1400 N for 10,000 cycles, a number chosen to represent the average number of gait cycles performed in a 4-6 weeks postoperative period. 10, 11 Femora that survived the initial cyclic loading were then taken through 5000 cycles at 2450 N (a force of 3.5 times body weight meant to simulate single leg stair climb). 24 Finally, femora that survived the entire cyclic loading protocol were loaded to failure at 1 mm per minute.
Load to Failure: Structural Properties
Loads were applied using a servohydrolic material testing system (MTS 810; MTS Corp, Prairie Eden, MN). Cycles to failure and maximum failure load were recorded directly from the test frame. Stiffness was calculated using custom software (MTS Flex Test SE MPT 3.5B Labview; National Instruments Corporation, Austin, TX). Displacement versus cycle count was observed in real time during testing to assess deformation of the constructs and to determine whether functional failure was reached. Functional failure was defined as osteotomy displacement greater than 10 mm, screw migration greater than 5 mm, or fracture extension beyond the plane of the osteotomy.
Statistics
Cycles to Failure: Survival Analysis
Survival events were categorized as catastrophic failure or functional failure; all specimens that completed the 15,000 cycle protocol were deemed run out. The Kaplan-Meier method was used to estimate the survival functions which were compared between treatment groups using the Wilcoxon weighting. A Tukey adjustment for multiple comparisons was used.
Load to Failure: Structural Properties
Stiffness was found to be positively skewed and was log (natural) transformed before subsequent statistical analysis. The linear relationship between construct structural properties (maximum load and stiffness) and treatment (CS, CHS, and IT; Tukey adjustment for multiple comparisons) were assessed using general linear modeling. In all cases, statistical significance was set to P , 0.05 a priori. SAS was used for all statistical analyzes (version 9.4, Cary, NC).
RESULTS
Mean cycles to failure, failure load, and axial stiffness for the 3 fixation methods are shown in Table 1 .
Cycles to Failure: Survival Analysis
All constructs in the 3 groups survived the initial ramp loading to 1400 N and 10,000 cycles at 1400 N (See Table, Supplemental Digital Content 3, http://links.lww.com/BOT/A953 for a table representation of cycles to failure). All specimens that failed in each group by screw toggling at the lateral cortex and subsequent fracture displacement. No differences were found with cycles to failure when comparing the CHS and the IT group or the CS and the IT group (Fig. 2) .
Load to Failure
Failure loads were determined only for the specimens that completed cyclic loading at both 1400 and 2450 N (5, 10, and 5 samples in the CS, CHS, and IT groups, respectively). The group that stabilized with modified CS configuration sustained an average maximum failure load of 3870 [3307, 4433] N (square brackets indicate the 95% confidence interval) compared with 3756 (3193, 4319) N in the IT group (P = 0.7669) (Fig. 3) . There was no clear difference in the failure mechanism of the 2 groups. There was no screw toggling, backing out, or bending. In all specimens, the primary mode of failure was collapse through the simulated proximal femoral trabecular bone at the core of the specimen, with subsequent screw cutout and inferior displacement.
The CHS group had a significantly higher average maximum failure load at 5654 (5256, 6052) N (CHS vs. CS P , 0.0001; CHS vs. IT P , 0.0001) (Fig. 3) . For all specimens, the primary mode of failure was collapse through the simulated bone with screw cutout and inferior displacement.
DISCUSSION
The key finding of this study was that CHS constructs demonstrated greater failure loads and axial stiffness compared with 2 different cannulated screw constructs in a synthetic model simulating a Pauwels III femoral neck fracture. Although CHS constructs survived more cycles of loading, this was only statistically significant when compared with the CS group. Our model was unable to distinguish any statistical differences in cycles to failure or structural properties between the cannulated screw groups.
Despite most biomechanical data suggesting that fixed angle devices are necessary to adequately treat Pauwels III femoral neck fractures, it is still a common practice to use cancellous cannulated screws with and without "off-axis" screws. [10] [11] [12] [13] Reasons for this likely include that it is a less technically demanding procedure, ease of insertion, and decreased blood loss associated with less invasive surgery. 3, 13 Moreover, with the modified CS configuration proposed in this study, retrograde intramedullary nail placement in the case of ipsilateral femoral shaft fractures is possible, and stress risers in the subtrochanteric region associated with the inferior screw in the IT configuration can be avoided. [19] [20] [21] Biomechanically, an "off-axis" or transverse screw placed orthogonally to the fracture site allows for greater compression and therefore ability to withstand high shear forces in Pauwels III fractures. This construct contrasts with the traditional IT configuration which, by its very nature, prevents perpendicular screw placement. Additionally, although the IT more effectively resists torsion, it does not equally counter vertical shear and bending forces that are known to be the dominant deforming forces in vertical femoral neck fractures. 4, 8 Given the mode of failure during cyclic loading of the cancellous screw groups, this seems most likely related to the absence of a fixed angle construct. This was seen in previous biomechanical work performed by Nowotarski et al. 17 However, our results differed from the study by Nowotarski et al, 17 which demonstrated greatly improved axial stiffness with a transverse lag screw compared with the standard IT (2207.23 vs. 3029.89 N/mm P , 0.05) and compared with a CHS with a derotation screw (3029.89 vs. 2778.99 N/mm).
In their study, Nowotarski et al used third generation sawbones, which have the same geometry as the fourth generation, but different resistance to fatigue and fracture. The femurs also differ in tensile and compressive properties, and it has been shown that fourth generation sawbones better represent the biomechanical properties of human bone. 25 There are several other possible reasons for the discrepancy in axial stiffness obtained between the 2 studies. First, the protocol in the study by Nowotarski et al involved placement of a transverse screw with bicortical purchase into the femoral calcar. This screw placement likely provided a mechanical advantage, but used a technique not described in the clinical literature. Also, in the setting of a high angle femoral neck fracture, this piece of femoral calcar may be too small for reliable lag screw placement. Additionally, Nowotarski et al loaded the femurs at a much lower force of 350 N in 7 degrees of valgus to simulate partial weightbearing during 2-legged stance. This is in contrast to the protocol used by the authors in which the femurs were loaded to a force of 1400 N and then 2450 N in 20 degrees of adduction to simulate 2· and 3.5· weightbearing during single leg stance and stair climb, respectively. It is unclear whether a calcar screw could create a stress riser with a risk of peritrochanteric fracture if used in clinical practice.
This study was unable to determine any statistical differences in cycles to failure, load to failure, or axial stiffness of 2 cannulated screw configurations used by nearly half of orthopaedic trauma surgeons, according to survey data. 12 This study also demonstrates improved load to failure and axial stiffness of a CHS with derotation screw construct to both of cannulated screw groups. It is important to note that these configurations may not be equivalent in the clinical 
The average number of cycles to failure for each group. All failures that occurred during cyclic loading occurred at 2450 N. The y-axis is the average number of cycles. The cannulated screw groups were not significantly different from each other (P = 0.911). The CHS group had longer survival than both cannulated screw groups (CHS vs. CS P = 0.0344; CHS vs. IT P = 0.117). Editor's note: A color image accompanies the online version of this article.
situation, as several aspects of this design study could have led to an underestimation of the biomechanical strength of the constructs tested. First, femoral neck fractures were created using smooth saw cuts. This most likely did not simulate the jagged nature of a true femoral neck fracture and therefore even with anatomic reduction, fracture interdigitation, and the potential inherent stability associated with this was not obtained. Second, the osteotomy angle used in this analysis (90 degrees from the horizontal) was highly vertical, maximizing the potential for shear force creation. Limitations of this study include those inherent in the synthetic bone model used; recent studies based on micro CT have shown that the densest bone in the femoral head is located centrally and inferiorly. 18 Because the synthetic cancellous bone used in this study has a uniform density of 0.27 g/cm3 throughout the femoral head (normal range from 0.11 to 1.11 g/cm 3 ), it is possible that utilization of cadaveric or live specimens would be associated with improved fixation stiffness and strength of the CS configuration. However, these synthetic femurs, which are engineered to mimic real properties of bone, have been used and validated in previous studies. 17, 25, 26 These specimens were chosen because they are modeled after young healthy bone, which is the target population for this study, and because these synthetic femurs greatly reduced variability in experimentation. Our study was 95% powered to detect a difference of 1140 N of load to failure, and 285 N/mm of axial stiffness between construct groups. This power analysis was adequate to demonstrate differences between the CHS group when compared with the IT or CS group; however, we were unable to determine whether any differences between the IT or CS group were significant, as the differences fell below the threshold of our power analysis.
Not all of the physiologic force components associated with ambulation and muscle contraction were simulated. Femora were statically and dynamically axially loaded in one direction, but torsional forces to account for the changing direction of loads during ambulation as the hip flexes and extends were not tested. Although one construct could be stronger in torsion, those forces on the head are relatively low because of the low coefficient of friction of the hip joint.
In conclusion, no statistically significant differences were found for axial stiffness, cycles to failure, or ultimate load to failure between the modified CS and IT groups for 3 screw fixation. In terms of axial stiffness and load to failure, the CHS construct was demonstrated to be biomechanically superior validating other studies. Cycles to failure were greater for the CHS constructs compared with both cannulated screw constructs; however, this was only statistically significant when comparing the CHS group with the CS group. Further cadaveric studies of fixation methods may be of value. However, based on the results of our investigation, if anatomic or pre-existing implant concerns preclude the use of a CHS construct, either cannulated screw configuration could be used based on the patient's anatomy, other surgical implants or surgeon preference. Our study demonstrated that CHS constructs in an in vitro model have superior load to failure and axial stiffness to cannulated screw constructs for fixation of Pauwels III femoral neck fractures. Based on our results, and those of previous studies, we recommend that treating surgeons consider the use of CHS constructs instead of cannulated screw constructs for the treatment of Pauwels III femoral neck fractures when anatomic or hardware concerns do not preclude the use of CHS constructs.
